Abstract. Thermal buckling and thermal post-buckling behaviours of laminated composite plates are improved by embedding shape memory alloy wires within laminates of composite plates. The procedure is to use the recovery stress that is induced when the reverse transformation of the shape memory alloy from martensite to austenite phases is constrained. For aerospace applications where the source of the shape memory alloy heating is the high temperature environment itself, a study is conducted to see the effect of shape memory alloy in improving the thermal buckling and postbuckling of composite plates. Due to the temperature dependent nature of the composite matrix and the shape memory alloy, the finite element formulation developed here is in the incremental form. Solving this non-linear model using the developed in-house source code, critical loads are determined and the post-buckling paths of the shape memory alloy composite plates are traced. This study shows that by embedding the shape memory alloy within composite plates, the thermal buckling and post-buckling behaviours of composite plates can be improved substantially.
Introduction
The problems of thermal buckling and post-buckling of composites is important in aerospace industry since many aerospace structural components that are thin and curvy are subjected to thermal compressive loading. These buckling behaviours can be improved by using a smart material called the shape memory alloy (SMA). The shape memory effect behaviour of the SMA induces stress that can increase the strain energy of the composite plate and in turn improve its buckling behaviours. Thermal buckling of laminated composite plates was studied using the finite element method by researchers such as Chang [1] and Chen et al [2] . They showed that for symmetric angleply composite plates, the maximum critical load occurred at the angle of orientation, ߠ = 45 while these critical loads vary symmetrically about ߠ = 45
. The thermal post-buckling path of laminated composite plates can be determined either by conducting the geometric nonlinear analysis or by solving a sequence of linear eigen-value problems [3] . Singha et al [4] considered the temperature dependent properties and the linearly varying temperature rise through the thickness of the plates while studying thermal post-buckling composite plates. Kumar and Singh [5] used the layerwise theory of composite plates to study the effect of varying several composite parameters such as the side-thickness ratio, fibre orientation, aspect ratio, stacking sequence and boundary condition on the thermal buckling of the SMA composite plate. It was found that the critical temperatures were enhanced by the addition of the SMA. The studies on the effect of SMA on the post-buckling behaviour of laminated composites were conducted by Tawfik et al [6] and Park [7] . The effects of SMA parameters such as the initial strain of the SMA and the volume fraction of the embedded SMA were studied. It was proven that SMA fibres can significantly improve the post-buckling behaviour of laminated composites.
In this study, the work of Park [7] is extended to different types of composite lamination schemes. The geometric nonlinear finite element model is developed to represent the thermal postbuckling behaviour of composite plates. The source of activation for the SMA is the heat from the environment. As such the incremental formulation is used to cater the temperature dependent properties of the composites [7] and SMA. This study uses the experimental values of recovery stress and Young's modulus that are taken from Cross et al [8] . The study is conducted on the antisymmetric angle-ply composite plates. The effects of several composite related and SMA related parameters on the thermal buckling and post-buckling of composite plates are studied.
Finite Element Formulation
The incremental formulation developed here considers the effects of the recovery stress, temperature, thermal degradation properties of matrix and the initial stress and strain. Furthermore, the effective properties of the SMA composite are determined using the rule of mixture. Strains. Using the Mindlin's first order shear deformation theory [9] while including the von Karman's strain terms, the incremental strain can be expressed as
where {∆ε m }, {∆ε nl }, {∆ε o } and {∆κ} are the incremental in-plane linear strain vector, the incremental in-plane nonlinear strain vector, the incremental in-plane vector due to the initial deflection and the incremental curvature strain vector, respectively. Δ‫,ݑ‬ Δv and Δw are the incremental displacements in the x, y and z directions respectively. ‫ݓ‬ , Δߠ ௫ and Δߠ ௬ are the total initial deflection, incremental rotation in the xz-plane and the incremental rotation in the yz-plane respectively. Finite element implementation. Eight noded isoparametric quadrilateral elements with each node carries 5 degrees of freedom are used in this study. FEM governing equation for the thermal postbuckling of SMA composite plates is
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where ሼ∆‫ݍ‬ሽ is the incremental nodal displacement vectors. ሾ‫ܭ‬ ሿ and ሾ‫ܭ‬ ௦ ሿ are the linear membrane and shear stiffness matrices, respectively. ሾ‫ܭ‬ ∆் ሿ and ሾ‫ܭ‬ ∆ ሿ are the incremental temperature and recovery stress matrices respectively. ሾ‫ܭ‬ ሿ and ሾ‫ܭ‬ ௪ ሿ are the initial stiffness matrix and the initial stiffness matrix due to initial deflection respectively. ሾܰ1ሿ, ሾܰ1 ௪ ሿ and ሾܰ2ሿ are the first order nonlinear stiffness matrix, first order non-linear stiffness matrix due to initial deflection and the second order non-linear stiffness matrix respectively. ሼܲ ∆் ሽ and ሼܲ ∆ ሽ are the incremental temperature and recovery force vectors respectively. ሼܲ ௪∆் ሽ, ሼܲ ௪∆ ሽ and ሼܲ ௪ ሽ are the vectors of forces due to the coupling of initial deflection and temperature increment, initial deflection and recovery stress increment and initial deflection and initial load respectively. Equation (3) is a nonlinear equation that can be solved using the Newton Raphson's method. Dimensions and properties. In this study the effects of SMA on buckling behaviours are studied on anti-symmetric angle-ply composite plates such as shown in Fig. 1 . 
Results and Discussion
Element Selection and Validation. An element selection test was conducted on SMA composite plates to determine the appropriate mesh size for the buckling analysis, besides providing the validation to the model developed. shows that the results from the current analysis are in good agreement with the referenced results. It was decided that the 6x6 configuration will be used in this study. Fig. 2 shows that the results of the present analysis agree excellently to the results of Singh et al [3] . The effect of the angle of orientation. The effect of the angle of orientation of the SMA wires on the critical temperature of SMA composite plates is studied here. The lamination scheme of the SMA composite plates is [α/-α] 3 where α varies from 0 0 to 90 0 . The volume fraction of the SMA in each SMA layer is 10%. Fig. 3 shows plots of critical temperature, ∆T cr against angle of orientation for cases of composite plates without SMA and with activated SMA. It is clear that SMA can increase the critical temperature, ∆T cr significantly. Obviously, the critical temperature is maximum at α = 45 0 .
The effect of the boundary conditions. The effect of the boundary conditions on buckling behaviours of SMA composite plates is studied. The angle of orientation of composites is [45/-45] 3 . The volume fraction of SMA within the SMA layers is 5%. Two types of BC are used i.e the HH and the SS boundary conditions. The plots of the ratio of the maximum deflection over thickness, w max /t against temperature, T in Fig. 4 show that the critical loads are greater for the case of SS boundary condition. Furthermore the amount of shifts of the post-buckling paths created by the addition of the SMA in both cases is almost the same. 
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The effect of the initial strain. The amount of initial strain (IS) of the SMA wires before they are activated determines the amount of recovery stress induced. The effect of the initial strain on the post-buckling behaviour is studied. Fig. 6 shows the significant amount of shifts of the critical temperatures and the post-buckling paths when the initial strain is increased. 
Summary
Studies on the effects of SMA on the thermal buckling and post-buckling behaviours of laminated composite plates were conducted. It was shown that SMA can make significant increase in the critical temperatures and also significant stable shift of the post-buckling path to the right. In the study on the effect of the angle of orientation of SMA wires on the critical temperatures, it was shown that that the highest improvement of critical temperature occurs at α = 45 0 . The simply supported boundary condition gives the higher post-buckling path as compared to the hinged boundary condition. Furthermore the increase of volume fraction of the SMA of up to 10% and the increase of initial strain of the SMA of up to 3% can significantly shift the post-buckling paths to the right.
